A Confined Plunging Liquid Jet Contactor (CPLJC) was used to transfer ozone into a stream of pure water. The CPLJC consists of a vertical downcomer (enclosed at the top and open at the base), which performs the gas-liquid mixing, and a riser where the gas disengages from the liquid. The ozone mass transfer performance of the CPLJC was measured by experimentally determining the overall volumetric mass transfer coefficient, k L a (s -1 ), based on the volume of the liquid phase. Over the range of gas and liquid flow conditions examined, k L a ranged from 0.301 s -1 to 0.474 s -1 , which compares well with other gasliquid contactors used today. Increasing the volumetric gas flowrate, Q G (L.s -1 ), was found to result in greater gas holdup, ε G , inside the downcomer, which enhanced the interfacial area, a (m -1 ), and thus k L a.
Introduction
The suitability of ozone as an effective agent in potable water treatment is widely recognized. Color, tastes, odors, and biological impurities can be effectively treated with ozone. The challenge is to efficiently utilize the ozone by contacting the gas and water in such a manner that all input gaseous ozone is transferred to the water. If this can be achieved, minimal losses of ozone will result in a more economical process. For maximum transfer to occur, a gas-liquid contactor needs to produce a large amount of interfacial area with intense mixing to accelerate the mass transfer process. Ideally, these conditions need to be produced with minimum input of energy and a small reactor volume.
A Confined Plunging Liquid Jet Contactor (CPLJC) can be used to transfer ozone into the water phase. A CPLJC is illustrated in Figure 1 . It is comprised of a vertical column (downcomer), which is enclosed at the top and open at the base. The base of the downcomer is below the liquid level in the riser, thus creating an airtight chamber. Water is introduced through a downward-facing nozzle at the top of the downcomer, and the action of the plunging liquid jet creates a suction that draws gas into the system. The gas is entrained below the liquid surface, resulting in the generation of fine bubbles which are carried downward as a bubbly mixture and exit through the opening at the base of the downcomer. The bubbles then pass into the riser section where they disengage from the liquid. Advantages of the CPLJC over other contacting devices are its compact size and the fact that a negative pressure is maintained inside the downcomer and in the gas feedline. Due to this suction, safety is improved as the potential for ozone leakage between the ozone generator and contactor itself is eliminated.
The "C.t" concept is commonly employed in drinking water treatment for the removal of contaminants, where C is the dissolved oxidant concentration (mg.L -1 ), and t is the contact time (minutes). This results in a "C.t" value, which quantifies the intensity of a treatment process. A particular contaminant will require a minimum C.t value to ensure effective disinfection treatment. This may be achieved with a high ozone residual and short contact time, or conversely a low ozone residual and long contact time. However, in industrial applications shorter contact times are more attractive as this reduces the size of the reactor. Therefore, in municipal drinking water plants an ozone/water contacting device which rapidly produces a large ozone residual is sought so that the size of the operation may be minimized. In the CPLJC the downcomer is the gas-liquid mixing device and produces the ozone residual. The riser section provides further contacting and can be increased or decreased in volume in order for the overall system to achieve the required C.t value.
The CPLJC comprises four distinct mass transfer regions. Firstly, mass transfer takes place in the headspace at the top of the downcomer as the free jet passes through the gas phase before plunging into the bubbly gas-liquid mixture. The second mass transfer region, known as the mixing zone (MZ), is immediately below the plunge point and is defined as the volume of the downcomer from the plunge point to the location where the expanding jet strikes the downcomer wall. The MZ is characterized by high energy dissipation rates and fluid recirculation. Below the MZ is the pipeflow zone (PFZ), where the bubbly mixture moves in a bulk downward motion. Finally, further mass transfer takes place in the riser where the bubbles rise vertically and disengage from the liquid.
The overall mass transfer characteristics of a CPLJC are determined by the individual mass transfer rates in each of the zones mentioned above. Typically, mass transfer in the free jet zone can be neglected due to the relatively short contact time and the small amount of interfacial area between the gas and liquid phases. Mass transfer in the MZ usually dominates the process (1, 2) , as a result of the high degree of mixing between the gas and liquid phases and the high local turbulence intensity levels. The rates of mass transfer in the PFZ and in the riser are much lower than in the MZ.
In this study the ozone-water mass transfer characteristics of the CPLJC were examined for a given system geometry and range of water volumetric flowrates and gas feed conditions. Gas holdup, off-gas concentration and final ozone residual were determined experimentally, and used to calculate the overall volumetric mass transfer coefficient for the system, where ozone consumption and decomposition were negligible. The results were used to develop a suitable methodology for optimizing the CPLJC for ozonation of potable water.
Determination of the Overall Volumetric Mass Transfer Coefficient
The overall volumetric transfer coefficient, k L a (s -1 ), based on the liquid volume, can be obtained using the measured gas and liquid phase ozone concentrations at the entry and exit of the downcomer, and the overall gas holdup. Figure 2 illustrates the flow in a downward-flowing bubbly mixture, which provides the basis for the calculation of the overall mass transfer coefficient.
The following simplifying assumptions were applied to the system:
• Ideal plug flow in both liquid and gas phases.
• No reactions in the gas phase. 
Liquid Phase Mass Transfer
The change in ozone concentration in the liquid phase, C LO3 (mg.L -1 ), as a function of length down the column, z (m), is expressed by:
where Q L is the volumetric liquid flowrate (L.s -1 )
A DC is the cross-sectional area of the downcomer (m 2 ) C * is the equilibrium interfacial concentration (mg.L -1 )
w is the specific utilization rate (s -1 )
ε L is the liquid holdup and is equal to (1-ε G )
Equation [1] can be written in terms of the superficial liquid velocity based on the empty crosssectional area of the column, i.e.: [2] where,
The first term on the right-hand side of Equation [2] represents the physical mass transfer from the gas phase to the liquid bulk. The second term on the right-hand side of Equation [2] accounts for chemical loss of ozone in the liquid phase due to ozone consumption by waterborne species and also by ozone self-decomposition (3, 4) and is quantified using the specific utilization rate, w (s -1 ). For very pure water such as reverse osmosis purified water used in this study, w can be considered very small (8 x 10 -3 s -1 ).
The equilibrium interfacial concentration, C * (mg.L -1 ), can be related to the gas phase concentration, C GO3 , using Henry's Law, i.e.: [4] where H is the dimensionless Henry's constant, which is a function of temperature. The numerical value for H can be calculated using Equation [5] , which is based on the Internal Ozone Association's standard data of ozone solubility:
where a = 1.599±0.0164 and b = 0.0473±0.0004.
Assuming that chemical consumption of ozone in the liquid phase is negligible (very small w), and using Equation [4] , then Equation [2] can be written as:
[6]
Gas Phase Mass Transfer
The decrease in gas phase ozone concentration is only a function of the physical transfer across the phase boundary into the liquid phase and does not include a consumption term, i.e.:
where Q G is the volumetric gas flowrate (L.s -1 ). Using Equation [4] , Equation [7] can be modified to:
[9]
Equations [6] and [8] describe the change in ozone concentration in the gas and liquid phases as a function of distance along the column. It can be seen that the concentration is a function of the overall volumetric mass transfer coefficient, local gas holdup and Henry's Law constant.
Transfer Efficiency
An ozone mass balance for the system can be written as:
Rearranging gives:
[11]
Transfer efficiency, OTE, is often used in gas-liquid contactors as a measure of mass transfer performance and is expressed by:
[12]
Using Equation [12], Equation [11] can be rewritten as:
[13]
For a specific Q G and Q L , OTE is constant and thus a plot of C LO3,e versus C GO3,i should result in a straight line of slope (Q G /Q L ).OTE.
Experimental

Apparatus
The experimental apparatus is shown in Figure 3 .
The CPLJC consisted of a polycarbonate downcomer of height 1.300m with internal diameter of 0.049m, while the dimensions for the riser were 0.500m high and 0.300m I.D. The volume occupied by the two-phase mixture in the downcomer and riser were 2.187 x 10 -3 and 0.032 m 3 , respectively. A brass nozzle of 0.009m I.D. was positioned in the centre at the top of the downcomer and served as the water inlet point. A sample port was located at the bottom of the riser, and was used to obtain a measure of the overall mass transfer rate of the system.
An Ozgen WT-10C ozonator was used as the ozone source, and was capable of producing a stream of 6% w/w ozone from an oxygen feed stream. The feed gas (oxygen plus ozone) flowrate to the downcomer was controlled by a Brooks 5110E mass flow controller. Measurements of gas phase ozone concentration were made using an Anseros GM-OEM UV monitor, while the liquid phase ozone concentration was measured using an Analytical Technology Inc. Dissolved Ozone Meter. The sampling system was computer-controlled using a Labview virtual interface programmed to open and close solenoid valves at desired intervals and also to collect gas mass flow, liquid and gas phase ozone concentration data. The liquid volumetric flow rate was measured manually using a rotameter.
The experimental apparatus was operated in a flowthrough mode, with the water feed being supplied from a 3500 litre water tank. A Vertex Research VR-600 Reverse Osmosis Unit was used to supply the large quantity of pure water required for testing. Tap water was filtered using a 5-micron sediment filter followed by an activated carbon filter to remove sediment and chlorine prior to reverse osmosis treatment. The water produced had a conductivity of less than 500 µS and a pH ranging between 5.5 and 6.
Water temperature for experiments ranged between 19 and 22 o C. 
Procedure
The experimental procedure involved firstly establishing water and oxygen feed volumetric flow rates through the CPLJC and running the system for a sufficient period of time (approximately 15 minutes) to allow stable operation to be achieved. The ozone generator unit was then activated and the current supply varied until the desired ozone concentration was achieved.
The ozone concentration was verified by passing a portion of the gas feed stream directly from the generator through the gas analyzer prior to undertaking any measurements. The parameters varied during the experimental program included: water (0.617-0.833 L.s -1 ) and feed gas (0.067-0.133 L.s -1 ) volumetric flow rates, and feed gas ozone concentration (7.2 -55.0 mg O 3 .Lgas -1 ).
Normally in a plunging liquid jet system no restriction is placed to inhibit gas induction, and thus the gas flow rate is the maximum volumetric flow of gas that can be entrained by the liquid jet. In the current system, the mass flow controller effectively throttled the flow of gas to a desired value for each liquid flowrate. This also had the effect of creating such a vacuum in the downcomer that the column of liquid was held up to the end of the water nozzle. As such, no free liquid jet was encountered in any experiments. Thus the two-phase mixture extended from the end of the inlet nozzle to the base of the downcomer (1.16m) during each experiment.
Gas holdup inside the column was measured by simultaneously closing all gas and liquid entry and exit points, and allowing the gas and liquid phases to separate in the downcomer. The gas holdup was calculated using L W,G , the height of the two-phase mixture in the downcomer during normal operation, and L W (m), the height of water in the downcomer in the absence of any inflow or outflow of gas or liquid, i.e.:
Analysis
In order to determine an overall k L a value for the system, Equations [6] and [8] need to be solved simultaneously, given that both the gas and liquid phase ozone concentrations change along the length of the downcomer. A 4 th order Runge-Kutta method was applied to obtain "best-fit' values of k L a for a given set of liquid and gas flowrates and initial and final gas phase ozone concentrations over the height of the water and gas mixture in the downcomer, L W,G (m).
Specifically, the procedure involved:
(1) Entering the initial gas and liquid flowrates as well as the initial gas phase ozone concentration and experimentally determined gas holdup.
(2) Choosing an initial estimate of k L a for use with the data in (1).
(3) Apply the Runge-Kutta iteration routine from z = 0 to z = L W,G , and allow the estimate of k L a to vary until the measured and predicted off-gas ozone concentrations matched each other.
(4) The corresponding ozone residuals in the liquid phase were then compared with the measured values.
Results and Discussion
(i) Effect of Feed Gas Ozone Concentration and Volumetric Flowrate on Ozone Residual
The effect of feed gas ozone concentration on the liquid phase ozone residual exiting the CPLJC (sample from base of riser) is shown in Figure 4 as a function of gas feed volumetric flow rate for a constant water volumetric feed rate (0.833 L.s -1 ). It can be seen that for each gas volumetric feed rate the ozone residual increased with increasing feed gas ozone concentration, due to the increased concentration driving force in the gas phase. It can also be seen that for each feed gas ozone concentration the ozone residual increased with increasing gas volumetric feed rate, due to the increased quantity of ozone being available for transfer per liter of water entering the contactor. Figure 5 illustrates the relationship between volumetric water flowrate, ozone feed concentration and ozone residual, for a constant volumetric gas flowrate (0.100 L.s -1 ). Ozone residual was found to increase with increasing feed gas ozone concentration for all liquid flowrates, due to the increased concentration driving force between the gas and liquid phases. Also, for each feed gas ozone concentration, the ozone residual increased with decreasing liquid volumetric feed rate. This was due to the increased quantity of ozone being available for transfer per liter of water feed. 
(ii) Effect of Feed Gas Ozone Concentration and Water Feed Volumetric Flowrate on Ozone Residual
(iii) Effect Of Gas and Liquid Volumetric Flowrate on Overall Gas Holdup
The overall gas holdup is plotted as a function of liquid volumetric flowrate in Figure 6 for a number of different gas volumetric feedrates. It can be seen that, as expected (5), the gas holdup decreased with increasing liquid flowrate when the gas flowrate was held constant. Also, gas holdup decreased when gas flowrate was decreased when liquid flowrate was held constant. 
(iv) Overall Volumetric Mass Transfer Coefficient and Transfer Efficiency
The overall volumetric mass transfer coefficient has been calculated for each gas and liquid volumetric flowrate in accordance with the procedure outlined in the Experimental-Analysis section. The computations are summarized in Appendix 1, From the data presented in Appendix 1 it can be seen that the feed gas ozone concentration had little effect on the k L a value. This result is not surprising since the presence of small concentrations of ozone would have negligible effect on the interfacial tension and subsequent bubble size influencing the contact specific area, a. Consequently, the k L a results presented in Table I are average values and standard deviations for the experimental runs for given gas and liquid volumetric flowrates. Also given in Appendix 1 is a comparison between the measured and predicted riser ozone residuals. It can be seen that the predicted residual was very close to that measured experimentally. The average difference between the measured and predicted values was approximately 7% with a maximum difference of 19%.
It can be seen that for a constant gas flowrate the average volumetric mass transfer coefficient decreases with increasing liquid volumetric flowrate, while at the same time the transfer efficiency reported a marginal increase in value. Similarly, it was found that for a constant liquid volumetric flowrate the value of k L a increased with increasing gas volumetric flowrate, while at the same time the transfer efficiency reduced.
A comparison of the performance of the CPLJC can be made with other types of contactors by comparing the k L a for each device. The k L a for other contactors range from 0.05 s -1 , for bubble columns (6), up to 2.29 s -1 , for static mixers and venturi ejectors (6), where the studies using oxygen were corrected to the equivalent ozone k L a values using the relationship (7):
where D O3 is the diffusivity of ozone in water (equal to 1.74 x 10 -5 cm 2 .s -1 at room temperature) and D O2 is the diffusivity of oxygen in water (equal to 2.41 x 10 -5 cm 2 .s -1 at room temperature). Zhou et al (8) validated the relationship given in Equation [15] for ozone in water.
Clearly, the k L a values (0.301 -0.474 s -1 ) for the CPLJC over the range of operating conditions examined is within the range of values reported for the other devices. The advantages of the CPLJC are its compact size and operation under suction, which eliminates the possibility of ozone discharges between the generator and the contactor.
The reason for the observed trends in transfer efficiencies is possibly related to the relationship between gas holdup and bubble size generated within the CPLJC. Assuming a unimodal distribution of spherical bubbles, the specific interfacial area, a, is given by:
which can be re-arranged to give a bubble diameter, i.e.:
.
[17]
Using the experimental results for k L a and ε G listed in Table I , and assuming a constant k L of 3.5 x 10 -4 m.s -1 (in the range of k L determined by various researchers for single bubbles (9, 10) in bubble columns), the corresponding bubble diameter can be calculated. The results are listed in Table II .
It can be seen that the bubble size decreased with increasing liquid volumetric flowrate, while the opposite trend was observed when the liquid flowrate was kept constant and the gas volumetric flowrate was increased. Both of these results are consistent with the predicted model by Evans et al (11) , which relates generated bubble size to gas and liquid flowrates. The results in Table II also highlight that for both sets of experiments (i.e. keeping gas or liquid flowrate constant and varying the flowrate of the other phase), resulted in the same trend of increasing transfer efficiency with decreasing bubble size (volume). This is consistent with the notion of achieving higher rates of mass transfer of ozone gas from the bubbles by maximizing the surface area-to volume ratio, corresponding to smaller bubbles. 
General Design Considerations
This study provided data on k L a values using the CPLJC. The ozone transfer efficiency ranged between 0.56 and 0.72 for the range of tests conducted. This utilization could be easily improved by increasing the residence time of the two-phase dispersion in the downcomer, which would also improve the disinfection capability, "C.t", value. For systems involving contaminants, the ozone mass transfer would be enhanced due to the reduced ozone residual (increased driving force) as a result of ozone consumption.
For the entire downcomer, the overall volumetric transfer coefficient is comprised of those for the mixing and pipeflow zones, i.e. The known predominance of the mixing zone in contributing to mass transfer therefore suggests that if the pipeflow zone is minimized, (k L a) overall will be maximized and the mass transfer efficiency will be optimized. This maximizing of k L a will rapidly produce a large ozone residual, C, but this alone may not be sufficient for total removal of contaminants. Depending on the residual generated and the specific contaminant species, a longer contact time t may be required to provide the C.t needed. This means that the length of the downcomer will need to be extended, or the riser chamber volume increased. Reducing bubble size, through the use of faster jets, can also increase the value of k L a. However this method of increasing k L a needs to be balanced with contact time, which is reduced with greater liquid flowrates.
Conclusions
From the experimental study it was found that the liquid ozone residual increased with increasing gas feed ozone concentration for all liquid and gas volumetric flowrates tested. Moreover, for a given liquid volumetric flowrate and gas feed concentration the ozone residual increased with increasing gas volumetric flowrate. Similarly, when the gas feed volumetric flowrate was held constant the ozone residual increased with decreasing liquid volumetric flowrate.
Transfer efficiency over the range of experiments ranged between 0.56 and 0.72. The water used in the experiments was free of ozone consuming substances, and thus greater transfer efficiencies would be expected in raw waters where ozone is depleted through reactions, resulting in a greater driving force for the mass transfer process. Increases in transfer efficiency could be achieved by lengthening the downcomer, which extends the gasliquid contact time.
It was found that the overall volumetric mass transfer coefficient, obtained by modeling mass transfer of ozone from the gas to liquid phases, varied between 0.301-0.474 (s -1 ) for the range of experimental conditions tested. In particular, it was found that k L a was essentially independent of feed gas ozone concentration, but was a function of gas holdup inside the downcomer. Increasing Q G for a constant Q L resulted in greater gas holdup, which improved the interfacial area and thus k L a. Conversely, for a constant Q G , increasing Q L reduced k L a due to less gas holdup and interfacial area.
Finally, it was found that the k L a values obtained for the CPLJC compared favorably with the other contacting devices, but had the added advantages of being compact and able to be operated under suction which would minimize the risk of unwanted ozone releases from the system.
Nomenclature
A DC
cross-sectional area of downcomer (m 2 ) C applied liquid phase ozone residual (mg.L -1 ) C GO3 gas phase ozone concentration (mg.L -1 ) C LO3 liquid phase ozone concentration (mg.L -1 ) C * interfacial ozone concentration (mg.L -1 ) D diffusivity (cm 2 .s -1 ) 
